Abstract. Application of CO 2 as a renewable feedstock and C1 building block for production of commodity and fine chemicals is a highly challenging but obvious industry-relevant task. Of particular interest is the catalytic coupling of CO 2 with inexpensive unsaturated hydrocarbons (olefins, dienes, styrene, alkynes), providing direct access to carboxylic acids and their derivatives. Although not brand new for the scientific community, it is still a complete challenge, as no truly effective catalytic system has been reported to date. In this Perspective, we discuss the available experimental, theoretical and mechanistic data for such homogeneously catalyzed carboxylation processes. A special focus is placed on the understanding of the key elementary steps and of some thermodynamic and kinetic constraints.
Among the above processes, formation of C-C bonds by carboxylation of readily available unsaturated hydrocarbons (alkenes, dienes, styrenics, alkynes) offers a direct access to valuable saturated and unsaturated carboxylic acids and their derivatives. 10 Modern industrial processes for production of carboxylic acids do not involve reactions with CO 2 . Only the Monsanto/Cativa processes implicate indirectly CO 2 as a component for the water-gas shift reaction. Otherwise, carboxylic acids and their derivatives are traditionally synthesized by multi-step oxidation protocols starting from petrochemicals (propylene, butadiene, toluene, xylenes, naphthalene) or by carbonylation of alkenes with CO/H 2 O-alcohols (e.g. Koch acids, Reppe chemistry, hydroesterifications (Lucite process)).
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The direct catalytic carboxylation of unsaturated hydrocarbons bestows, in principle, obvious benefits in terms of energy and raw materials with respect to regular multistep oxidation protocols. This is fundamentally different from other activation processes implying severe reduction of CO 2 (sometimes complete when hydrocarbonstype products are targeted), which are highly energy-intensive (reduction of C=O bonds) and inherently poorly atom-efficient.
This Perspective article discusses a few existing strategies for the direct coupling of unsaturated hydrocarbons (alkenes, alkynes) with CO 2 towards carboxylic acids.; a special attention is drawn to potential catalytic processes enabling the atom-economic reductive carboxylation of alkenes (Scheme 1). The article is focused on unraveling the essential problems of catalytic coupling of CO 2 with unsaturated hydrocarbons and it analyzes the available information about the nature of key intermediates and side-products of the operative (actual and putative) catalytic mechanisms. Scheme 1. Catalytic reductive carboxylation of unsaturated hydrocarbons into carboxylic acids and esters.
State-of-the-Art and Main Features of Carboxylation of Unsaturated Hydrocarbons

Some Thermodynamic Considerations
The high thermodynamic stability of CO 2 makes unfavorable its conversion to other molecules; 7a,12 therefore, the corresponding processes require significant energy input in a form of heat, 13 or, more common, as highly energetic co-reagents. For instance, some non-extensive thermochemical calculations on relevant reactions involving CO 2 (Table 1) demonstrated that formation of the corresponding acids from CO 2 and alkane/alkene is generally an endothermic process (reactions (2) and (3), respectively). Yet, although a significant thermodynamic constraint is also characteristic for the reduction of CO 2 with H 2 into formic acid (reaction (1)), the related reaction conducted in the presence of ethylene, to deliver eventually propionic acid, is calculated to be quite thermodynamically favorable (reaction (7)). Because a saturated acid forms in the latter coupling reaction, the corresponding energy is virtually driven by the exergonic ethylene hydrogenation reaction (4). Similarly, highly negative enthalpies and Gibbs energies are estimated 3 4 for the reactions implying strong reductants such as hydrosilanes or hydroboranes (reactions (8)(11)), which provide the corresponding carboxylic acids esters. The overall reaction occurs in acetic acid under, however, still drastic conditions (60 bar CO 2 , 10 bar H 2 , 180 °C). Benzonitrile-promoted electrocarboxylation of styrene into 3-phenylpropionic acid has been also documented to operate presumably via a radical mechanism. 
Acrylates from alkenes and CO 2 : from stoichiometric studies towards catalysis
The catalytic coupling of alkenes with CO 2 to produce acrylic acids 25 has long been of interest from both fundamental and industrial points of view. In pioneering studies aimed at 7 identifying potential catalytic pathways for the straightforward production of acrylic acid from ethylene and CO 2 , several Ni and Pd complexes have been recognized as effective precatalysts.
The key step of such catalytic processes is presumably the oxidative coupling reaction of the alkene with CO 2 onto low valent metal centers in the catalytically active species, which affords metallacyclic product 1-M (Scheme 5). 26, 27 Such intermediacy has been experimentally established 
28,29
While it had been proposed that the metallalactone derivative 1-M can follow -H and reductive elimination reactions giving rise to the corresponding acrylic acid (Scheme 4), it has eventually appeared that the metallacycles are essentially robust; in fact, cleavage of the MO and MC bonds does not occur without decomposition of these complexes. Only in one case, transformation of several nickelalactone complexes into hydrido-acrylate and then into acrylate derivatives, however without further reductive elimination step, induced by addition of dppm ligand, has been documented. 34 
8
It has been experimentally demonstrated that some additional components can provoke release of the carboxylic fragment (Scheme 6). For instance, acidic hydrolysis yielded the corresponding carboxylic acid (Scheme 6, eq (1)), while treatment of nickelalactone 1-Ni with CH 3 OH under acidic conditions provided the corresponding ester (eq (2)).
In particular, stoichiometric reactions of 1-Ni with ethylene, styrenes and other functionalized alkenes (eq (3)) followed by hydrolysis resulted in isolation of mainly linear carboxylic acids. 36 In this case, it was proposed that the insertion of the substrate C=C double bond into the NiC bond of 1-Ni resulted in the ring expansion of the five-membered metallacycle, the derived thereof seven-membered intermediate being more prone for β-H elimination reaction. The reductive elimination reaction towards the corresponding carboxylic acid and regeneratation of the {L} n Ni(0) catalytic species appeared, however, to be unfavorable for the above systems, which hampered catalytic turnover; nonetheless, this step was found operational for the Pd-and Ni-catalyzed catalytic coupling of CO 2 with dienes (functionalization/telomerization) 37 or with diynes. ). Moreover, the subsequent reductive elimination step involving coupling of the metal-hydride and acrylate groups was also found to feature a high activation barrier, which, depending on the mechanism of elimination, can vary between 20 and 40 kcal·mol Yet, the carboxylation reactions of Mo(0)-and W(0)-ethylene complexes, affording the corresponding acrylates 2 and 3, originally reported by Carmona and coworkers, constitute another model for coupling of CO 2 with olefins (Scheme 7).
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As proposed from DFT calculations, the formation of 2-W and 3-W is intermediated by formation of a metallacyclic species analogous to 1-M. 49 Thus, the corresponding barrier for the β-H elimination reaction yielding 2-W and 3-W was estimated to be significantly lower (computed E  298 = ca. 10 kcal·mol
1
) than those typically found in Ni-based systems.
Scheme 7. Reaction between Mo(0)-and W(0)-ethylene complexes and CO 2 .
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Of particular interest is the reactivity of hydride complex (Triphos)MoH 4 (PPh 3 ) (Triphos = Ar 2 PCH 2 CH 2 ) 2 PPh; Ar = Ph) disclosed by Bernskoetter and coworkers (Scheme 8). 50 Several products, formate, acrylate and propionate complexes can be derived from the corresponding precursor, the selectivity of the reaction depending on the ratio of the C 2 H 4 /CO 2 feed. , along with stoichiometric production of methyl acrylate, has been found to catalyze the formation of ethyl acrylate. 53 A putative mechanism involving the intermediacy of Pd-hydrido species was proposed (Scheme 10). However, the results of both stoichiometric and theoretical studies have ruled out the proposed mechanism. 53 No alternative mechanism for this catalytic reaction matching the experimental observations has been suggested so far. 
Catalytic coupling of CO 2 with alkenes/alkynes/dienes in the presence of organic/organometallic substrates as reductants
The lack of catalytic activity systematically observed in the above studies about alkene carboxylation into acrylic acid derivatives, and also fundamental thermodynamic calculations, 39 suggest unfavorable overall thermodynamics of this type of reaction. That is, the thermodynamic driving force of the coupling reaction of alkene with CO 2 is directly related to the formation of a species with a strong MO bond (a metallalactone or a carboxylate), but release of a "free" carboxylic acid and regeneration of a reduced metal species, which is mandatory to enable the catalytic turnover, are disfavored.
A workaround has been identified, which consists in implementing in the reaction (super)stoichiometric amounts of "energetic" reactants (organometallics or related organoelementals) that compensate the initially unfavorable thermodynamics of the reaction by the more favored formation of the corresponding metal/organoelemental carboxylate derivatives, and simultaneously regenerate the low valent metal active species.
A breakthrough along these lines has been achieved with alkoxy/phenoxy, amido and borate salts of Na, which enabled the synthesis of sodium acrylates with a Ni-based catalytic system ). The first catalytic reductive hydrocarboxylation of styrenes under mild conditions (1 bar CO 2 ; room temperature; THF), using an excess of Et 2 Zn as nucleophilic interceptor, 56 has been 15 successfully achieved by Rovis and coworkers. 57 The NiR 2 /additive/Et 2 Zn (R = 1,5-COD, acac; additive = Cs 2 CO 3 , DBU, pyridine) catalytic system has been surmised to operate via a completely different mechanism, which excludes formation of nickelalactone intermediates and involves distinct hydrometallation and carboxylation steps leading regioselectively to saturated -substituted carboxylic acid derivatives (Scheme 12). Several limitations have been identified for the Ni-based system: (1) it is poorly active in carboxylation of both linear olefins, cyclic dienes and -substituted styrenes; (2) the activity of the catalytic system strongly depends on the nature of the additive; 3) also, the nature of the reducing agent plays one of the key roles, as the system is not efficient if FeCl 2 /bis(iminopyridine)-catalyzed reductive hydrocarboxylation of styrenes has been also reported to proceed under mild conditions (1 bar CO 2 ; room temperature; THF) using excess EtMgBr as reductant. 59 The proposed mechanism (Scheme 13) involves an organomagnesiation step, followed by carboxylation of the resulting secondary Grignard reagent to yield mostly the corresponding -substituted carboxylic acid derivatives. This Fe-based system is only active with ethyl Grignard co-reagents; many other traditional hydride sources (NaBH 4 , LiAlH 4 , NaHBEt 3 , nBuLi, Et 2 Zn, Et 3 Al, iBu 2 AlH) were found completely inefficient. 
59
There are also a few reports on reductive carboxylation of functionalized alkenes: terminal alkene hydroboration followed by Cu-catalyzed carboxylation in the presence of KOtBu, 60 and reductive carboxylation of allyl esters and halides on Ni catalysts carried out using metallic Zn and Mn powders as stoichiometric reducing agents. has been also developed.
The coupling of styrene derivatives with CO 2 in MeOH into the corresponding methyl esters catalyzed by Ni hydrides has been described by Garcia and coworkers.
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The proposed hydroesterification mechanism (Scheme 14) parallels that of hydroxycarbonylation (Scheme 2); 16 it also incorporates a step of formation of an acyl-metal intermediate from the corresponding Ni-alkyl species and CO generated from CO 2 . 72 The CO 2 origin of the carbonyl group in the final product has been corroborated by 13 C labelling experiments. 
Perspectives
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Depending on the nature of the catalytic system used for the carboxylation of alkenes, three distinct types of mechanisms can be operational: (1) a rWGSR-mediated hydroxycarbonylation that affords straightforwardly saturated carboxylic acids; (2) the formation of acrylates via oxidative addition of CO 2 and alkene onto a low-valent metal center, followed by -and reductive eliminations steps; (3) the production of metallic salts/organoelemental derivatives of the corresponding saturated acids via an hydrocarboxylation mediated by metal-hydrido or -alkyl species.
For the first process, the key and indispensable step is the rWGSR utilizing CO 2 /H 2 mixtures as CO surrogates. Since dihydrogen is widely preferred as reductant in organic synthesis and catalysis 76 as an inexpensive, clean and sustainable reagent, 77 it obviously grants atom-economy for the given reaction. The use of dihydrogen as reducing agent in this process admittedly limits its applicability to homogeneous catalytic systems that are capable of maintaining efficiently the rWGSR step in the putative catalytic cycle (Scheme 3). While many heterogeneous, both singleand multicomponent systems are known to catalyze this reversible process, 78 only for a few homogeneous systems (typically based on Rh and Ru) the rWGSR has been proposed to operate as a part of global carbonylation processes utilizing CO 2 /H 2 mixtures as CO surrogates. 2a,j,19,20,21 In this regard, the identification of other homogeneous catalytic systems, based preferably on more abundant, less expensive metals (Fe, Co, Ni etc) competent for catalyzing the rWGSR under mild conditions, would also be of high industrial relevance. Unfortunately, to date, the complete deficiency of experimental (kinetic) and computational data for this process does not allow a rational optimization/development; identification of the optimal conditions remains still serendipitous.
For the second and third processes, efficient high-energy reductants are mandatory in order to compensate the unfavorable thermodynamics of the carboxylation reactions: (1) for cleavage of the metallacycle in the divalent Ni (II) /Pd (II) intermediates formed in the oxidative coupling step of unsaturated hydrocarbon with CO 2 ; and/or (2) for regeneration of the low valent transition metal species from the corresponding carboxylate intermediates; and (3) for conversion via transmetallation of metal-carboxylate intermediates to the catalytically active metal-alkyl orhydrido species. These reactions thus result in release of the carboxylate products as metallic (Na +   ,   Zn   2+ or Mg 2+ , respectively) salts, which have to be treated acidically in order to recover the corresponding pure carboxylic acids. Therefore, this way of achieving the carboxylation process is plagued by the consumption of a stoichiometric amount of an expensive, difficult-to-handle and waste-generating organometallic reagent.
On the other hand, use of dihydrogen as reductant is hardly compatible with both mechanisms (Schemes 1113). Indeed, the pivotal step of the reductive carboxylation process, namely, the reduction of metal-carboxylate intermediates with dihydrogen to give the corresponding carboxylic acid and a metal-hydrido species, is thermodynamically difficult (BDE 298 (HH bond) = 104 kcal·mol 1 , BDE 298 (SiH bond) = 80 kcal·mol
1
).
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A modified scenario can be envisaged, by implementing reduction with a molecular hydrosilane or the more economically-viable polymethylhydrosiloxane (PMHS); this would provide direct access to valuable carboxylic acid silyl esters. Readily available, easy-to-handle and relatively inexpensive (although admittedly incompatible with the production of commodities)
hydrosilanes are widely used as reducing organic agents for many functional groups. 
22
In both cases (Scheme 16, Cycles A and B), hydrolysis of silyl esters 4 and 6 under mild conditions in a distinct, final workup step shall yield the corresponding alkyl-carboxylic and formic acids, respectively, and nontoxic (poly)siloxane byproducts (use of PMHS). However, silyl esters primarily resulting from the above global process are also much valuable precursors and synthetic intermediates. For instance, they are employed as intermediates and cross-linking reagents in the synthesis of poly(silyl esters), some biodegradable polymers widely used for medical applications (drug delivery systems, surgical devices, recyclable materials).
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Synthesis of silyl esters generally relies on condensation of carboxylic acids with chlorosilanes with concomitant elimination of HCl. 85 An alternative synthetic protocol exists, which is based on dehydrogenative coupling of carboxylic acids with hydrosilanes catalyzed by transition metal complexes (Ru-Pd, Pt, Cu).
84b,c
Conclusions
In this Perspective, we have highlighted advances and recent breakthroughs in the "direct" catalytic synthesis of carboxylic acids and their derivatives starting from unsaturated hydrocarbons (alkenes, alkynes, dienes) and CO 2 . All of the existing systems are plagued either by a poor catalytic productivity and/or the use of expensive and waste-generating stoichiometric reductants.
Efforts must be paid to optimize the cost, safety and global sustainability of such processes. These objectives could be achieved by two interlinked approaches: (1) implementation of catalytic systems that are competent for carboxylation of unsaturated hydrocarbons (alkenes) using H 2 as reducing agent under mild conditions (temperature, pressure); and/or (2) implementation of relatively inexpensive and efficient reducing agents in the catalytic systems (e.g., molecular
hydrosilanes or the polymeric analogue, polymethylhydrosiloxane (PMHS)). Understanding of the nature and role of key intermediates and mechanisms of CO 2 activation from experimental approaches and multi-scale theoretical simulations is the key for elaborating processes that enable efficient transformation of CO 2 into value-added chemicals. This is also of high interest for future renewable energy technologies and addressing the global issue of energy transition.
